The extensive use of chemical flame retardants to meet the California Furniture Flammability Standard Technical Bulletin 117 (TB117) [1] provides an example of the need for consideration of environmental impacts of fire safety interventions before they are implemented. Flame retardants are currently being used in products with high levels of human exposure without adequate toxicological testing. For example, flame retardants commercially used to meet TB117 have been found to have negative impacts upon human, animal, and environmental health [2] and notably, the TB117 standard has not been shown to have a measurable fire safety benefit. Both the unintended adverse impacts and the lack of fire safety benefits of California TB117 are discussed in detail.
INTRODUCTION
Flame retardant (FR) additives are commonly used to meet regulatory requirements mandating certain levels of fire safety performance. Even though a wide variety of FR additives have been developed, for most man-made polymers halogenated FR chemicals have been the most frequently used. This is due to their cost, availability, and extensive industry experience with this class of additives. Until recent years, only the potential benefits of their usage have been considered by regulatory bodies and not the potential drawbacks. For example, after decades of use and hundreds of studies detecting adverse health and environmental consequences, two polybrominated diphenyl ether (PBDE) commercial mixtures-PentaBDE and OctaBDEwere banned in 2003 in California and in 2004 in the European Union [3] and voluntarily withdrawn from production by the sole US manufacturer [3] . These two PBDE mixtures were subsequently listed as persistent organic pollutants (POPs) by the Stockholm Convention [4] . The cause for concern with these and other PBDEs, their replacements, and other currently used halogenated replacement chemicals is now well recognized [5] .
The assumption held by much of the public, industry and scientists, is that any hazardous FR additives would be restricted from use in consumer products. However, in the United States, only chemicals in foods, drugs, and pesticides are regulated prior to reaching the marketplace. There is no requirement for health data nor sufficient authority to regulate other chemicals [6] .When a number of halogenated flame retardants received detailed study, they were found to be persistent when introduced into the environment and to have serious adverse health consequences [2] . In light of these findings, it seems necessary to consider the net outcome associated with the use of FR agents, instead of only evaluating their effects on the improvement of fire safety. This could require a complex weighing of alternatives which lack a common basis for comparison, e.g., death or injury due to fire, versus damage to the environment or long-term health effects associated with direct ingestion, consumption of contaminated foodstuffs, and other modes of transfer. In some cases, however, such a complex assessment may not be needed. One example would be if there were no fire safety benefits associated with a particular usage. The use of organohalogen FRs to meet California Furniture Flammability Standard Technical Bulletin 117 (TB 117) is examined here as an example of such a case.
BENEFITS OF CALIFORNIA FURNITURE FLAMMABILITY STANDARD TB117
The California Furniture Flammability Standard TB117 was implemented in 1975 by the California Bureau of Electronic and Appliance Repair, Home Furnishings and Thermal Insulation (the Bureau). Its avowed purpose is to reduce fire deaths and injuries associated with upholstered furniture. The standard is a smallflame ignition standard which requires polyurethane foam in juvenile products and upholstered furniture to withstand exposure to a small open flame for 12 s [7] . The standard also regulates smolder behavior of foams and provides fire tests for other, non-foam components. But these aspects are not of relevance to the present paper, since chemical fire retardants are not added to foams to pass the smolder test, while other components are either in very limited use or require no treatment, or both. Compliance with the standard is mandatory for all products sold in California, irrespective of where they are manufactured. Of the 50 US States, California is the only state which has such a standard. Increasingly many national furniture manufacturers are using this standard for all of their furniture sold across North America to avoid maintaining a double inventory and for defense against fire liability claims. Thus TB117 is becoming a de facto national standard, with the organohalogen flame retardants typically used to meet it being found in most furniture and baby products containing polyurethane foam sold in the US and Canada. A small-flame fire standard such as TB117 would have a fire safety benefit if a positive answer could be obtained to at least one of the two questions posed below.
Do TB117 Compliant Materials Significantly Reduce the Severity of the Fire?
The severity of a particular fuel package is quantified by its peak heat release rate (peak HRR), measured in kilowatt units [8] . Babrauskas [9] studied furniture where the peak HRR of identically-constructed furniture passing TB117 was compared to furniture made with non-fire-retardant (non-FR) foam. The differences observed between the furniture with non-FR foam and furniture made with foam complying with TB117 were within the normal data scatter from this type of test. In addition, visually the fire development over the furniture was seen to be identical. Schuhmann and Hartzell [10] also found use of TB117 foam did not reduce the peak HRR compared to non-FR foam in normal residential furniture construction. On the other hand, they found advanced foams (of much higher density and with much higher levels of flame retardants than required by TB117) did show a peak HRR about 42 % lower than for TB117 foams. Similarly Babrauskas et al. [11] later also compared furniture made with non-FR foam and advanced foam, but not with TB117 foam. The advanced foam contained three different FR additives and had a density 2.5 times greater than the non-FR foam. A chair that showed 1200 kW peak HRR when made with non-FR foam showed a peak HRR value of approximately 50 kW when made with advanced FR foam. The advanced foam used was costly and not found in residential furniture, but was used to illustrate the performance achievable by incorporating state-of-the-art technology. The study concluded: -The average available escape time was more than 15-fold greater for the FR products in the room burn tests,‖ compared to the non-FR products (113 s versus 1789 s) [12] . This statement has been distorted and improperly cited to imply that use of TB117 foams can create such a difference [12] . This is incorrect, in that the study did not examine any TB117 foams but only a costly, state-of-the-art formulation not used in residential furniture. Furthermore, the tests were carried out in fully-furnished rooms where numerous combustibles were burned and were not tests of upholstered furniture items alone. Finally, while peak HRR is the primary metric of fire hazard, time to reach peak HRR can be a useful supplemental variable, since it may reflect on the escape time available. The earlier study by Babrauskas [9] presented data showing the time-to-peak for non-FR and TB117 foams were identical, to within the data scatter of the apparatus. Thus, the answer to the first question, -Is the severity of the fire significantly reduced by the use of TB117 foam?‖ is clearly No.
Does TB117 Foam Serve to Prevent Ignitions from Small Flame Sources?
A severe fault of the TB117 test is that the foam alone is exposed to a small burner flame, rather than the composite piece of furniture. Under such conditions, TB117 foam with 3 to 5 % of FR additive can resist a small open flame. But actual upholstered furniture always consists of a composite of at least two layers, with a fabric cover on top of foam. Furthermore, fabrics are thin membranes of about 1 mm that do not serve as a barrier to the flow of heat from the outside to the foam and it is common for the upholstery fabric itself to ignite from small flame sources such as a candle or a lighter. Once the fabric is burning, the foam is presented with a flame challenge which is many times larger than the cigarette lighter flame which may have originally ignited the fabric. (Note that TB117 does not consider protection from ignition by large flame sources and that it is well-established that targets which might resist a smaller flame attack may be unable to resist one from a larger flame [13, 14] ). It must additionally be noted that (a) the TB117 standard contains a separate test provision for fabrics. But this is a moot test since the procedure is the same as mandated in the Federal CS 191-53 test [15] , which all fabrics sold in the US are already required to meet by the Federal government. (b) While an ostensible, but moot fabric test exists within TB117, the standard never assesses the behavior of an actual composite, i.e., a fabric on top of a layer of foam. However, the latter question has been experimentally investigated by two groups. Talley [16] tested 15 different upholstery fabrics, each over non-FR and TB117 foams of matched density (24 kg·m -3 ). All specimens ignited except those using one of the 15 fabrics, and for that fabric neither of the foams used led to ignition. Talley also visually observed flame spread behavior of the specimens that did ignite, and his conclusion was that -The TB117 foam made no significant, consistent difference in either ignition or flame spread.‖ Talley also ran additional tests which showed that TB117 foams did not offer any benefit in regards to resisting smoldering ignition from cigarettes. In addition, the US Consumer Product Safety Commission (CPSC) conducted laboratory research on actual chairs and also found the test to be ineffective [17] . More broadly, as part of their regulatory mission, they undertook to determine if adopting of the TB117 standard would likely reduce deaths and injuries due to fire and concluded that -TB117 component results were not predictive of full scale performance‖ and that -TB117…would not, if federally mandated, ensure a substantial reduction in the risk of small open flame ignition of finished articles of furniture.‖ Thus, the answer to the question -Does TB117 foam serve to prevent ignitions from small flame sources?‖ is also No.
It is important to emphasize that the above findings have not been disputed. There are no published research studies where the answer to either of the two questions is -Yes.‖ Thus, the evaluation of the fire safety benefits of TB117 foams is simple-there are no benefits-and a public policy judgment weighing fire safety gains against health and environmental drawbacks (discussed below) is not required.
HOW HAS CALIFORNIA FURNITURE FLAMMABILITY STANDARD TB117 BEEN MET?
From its implementation in the late 1970s until 2004, TB117 was primarily met with the addition of three to five percent pentabromodiphenyl ether (pentaBDE) to the foam in furniture and juvenile products (nursing pillows, strollers, baby carriers, etc.). PentaBDE is a commercial mixture of several congeners of polybrominated diphenyl ethers (PBDE). Due to its persistence and tendency to bioaccumulate, pentaBDE has become a global contaminant and the most well studied of the brominated flame retardants.
PentaBDE and the other PBDEs are structurally similar to known human toxicants PBBs, PCBs, dioxins and furans. In addition to having similar mechanisms of toxicity in animal studies [18] , PBDEs similarly persist and bioaccumulate in humans and animals [19] . In 1999 and 2001, 98 % [20] and 95 % [21] , respectively, of the usage of pentaBDE, was in North America, in large part to meet TB117. PentaBDE was banned in California in 2003 due to its persistence and toxicity; eight other states and the European Union (EU) followed suit. In 2004, Chemtura, (previously Great Lakes Chemical), the sole US manufacturer, voluntarily ceased production. In 2009 pentaBDE was listed as a persistent organic pollutant under the Stockholm Convention [22] . However pentaBDE continues to be a global pollutant, moving from reservoirs in furniture and other products into the biota.
HEALTH EFFECTS OF PENTABDE
Halogenated flame retardants, including PBDEs, have been associated with cancer, immune and endocrine disruption, and reproductive and neurodevelopmental effects in humans and a variety of animal species [2].
Effects of PentaBDE on Laboratory Animals
A large body of experimental data, both in vivo and in vitro, shows that pentaBDE can disrupt the endocrine system in mammals, birds, and fish, resulting in effects on thyroid, ovarian, and androgen function [23, 24] . PentaBDE also disrupts thyroid hormone homeostasis which can cause neurologic impairments, including a reduction in the IQ of offspring [25, 26] .
Many of these effects result from exposure during prenatal or neonatal development [25, 27] . Such effects include impacts on gene expression of liver enzymes [28, 29] endocrine disruption (altered thyroid hormone levels) [30] , reproductive damage [31-33], immunotoxicity [34, 35] , and neurotoxic effects [36] . Experiments conducted by Eriksson and co-workers in mice developmentally exposed either to penta-or higher BDEs [37] [38] [39] [40] during the period of rapid brain growth have shown neurotoxic effects, including impair-ment of spontaneous behavior, cholinergic transmitter susceptibility, and habituation capability. The deficits in learning and memory were observed to persist into adulthood and worsen with age. The developmental effects of PBDEs are exacerbated by co-exposure to PCBs in rats [41] .
As an endocrine disruptor, pentaBDE exposure results in increased lypolysis and reduced insulinstimulated metabolism in rat adipocytes [42] , effects which have been associated with obesity, insulin resistance, and Type 2 diabetes. PentaBDE is also anti-androgenic [43, 44] .
Exposure and Health Impacts of PentaBDE on Humans
A wide range of adverse effects in humans associated with pentaBDE exposure include developmental, endocrine, thyroid, reproductive and neurological effects, as well as diabetes [25, 45, 46] .
Exposure
Halogenated flame retardants such as pentaBDE and its replacements are a predominant class of toxic chemicals found in human biomonitoring studies [47] . The importance of house dust as a major exposure route for pentaBDE in humans has been studied [49, 51] . Human external exposure from dust, diet, and air and the resulting internal exposure to pentaBDE has been recently reviewed [48, 49] . About 20 % of exposure to PBDEs in Americans is currently estimated to derive from diet, with the highest exposure from butter, seafood, and meat [50] . The remaining 80 % of exposure is assumed to come mainly from the ingestion and inhalation of PBDE-contaminated dust [51] .
The PBDE concentrations in the North American general population are 10 to 40-times higher than the concentrations reported for populations in Europe and other parts of the world [52] [53] [54] [55] . A positive correlation between pentaBDE concentrations in house dust and breast milk has been shown [56] . In California, populations have been shown to be disproportionately exposed to pentaBDE, likely due to the state's fire regulation TB117 that has led to high usage of halogenated flame retardants in furniture and baby products [47] . A recent study found that body burden levels in California children are two to nine times higher than in similaraged children across the US, and four to nine times higher than children in Mexico, and up to one hundred times higher than those in children of similar ages in Europe [57] .
Developmental Effects
Exposure to pentaBDE in umbilical cord blood is associated with adverse neurodevelopmental effects in children [58] . Children in the highest 20 % of the exposure distribution showed lower IQ performance scores (ranging from 5 to 8 points lower) at all ages [58] . In the Netherlands, prenatal exposure to pentaP-BDE was associated with significant adverse effects on motor, cognitive, and behavioral outcomes in the children [59] . PentaBDE congeners appear to affect the development of fetal human neural progenitor cells via endocrine disruption of cellular thyroid hormone signaling [60] . These studies are the first to suggest a biological mechanism for in vivo studies reporting behavioral and IQ effects after developmental exposures.
In addition to their prenatal exposures, after birth young children are exposed at higher levels than adults from breast milk and ingestion of dust due to hand-to-mouth contact [61, 62] . It has been estimated that a breastfed infant in the US would be exposed to 1500 ng/day of PBDEs [63] . Accordingly, the highest serum levels of PBDEs are found in infants and toddlers, most vulnerable to developmental toxics [64, 65] .
Reproductive Effects
Harley et al. reported an association between pentaBDE exposure and reduced fertility in women from a predominantly Mexican-immigrant community in California [46] . Increasing serum levels of pentaBDE were significantly associated with longer time to pregnancy. Prenatal exposure of the infants of these women was associated with low birth weight, altered cognitive behavior, and significantly reduced plasma levels of thyroid stimulating hormone (TSH) [46] . Another study reported that elevated levels of pentaBDE in breast milk of pregnant Taiwanese women were associated with adverse birth outcomes including decreased weight, length, and chest circumference of their infants [66] . The effects were observed at levels lower than the average pentaBDE levels in the adult US population.
Elevated pentaBDE levels in breast milk were correlated with cryptorchidism (undescended testicles) in the sons of mother-son pairs studied in Denmark and Finland [67] . The levels associated with cryptorchidism were also positively correlated with serum lutenizing hormone (LH) concentrations in the infants, which suggested a possible compensatory mechanism to achieve normal testosterone levels. This observation is consistent with the anti-androgenic effects of PBDEs observed in experimental animals. A pilot study conducted by Japanese researchers reported that elevated blood levels of BDE-153 were correlated with decreased sperm count and decreased testes size [68] .
A recent study in the US reported a relationship between altered hormone levels in men and pentaBDE levels in house dust [69] . The findings included significant inverse associations between PBDEs in house dust and serum concentrations of the free androgen index, LH, and follicle-stimulating hormone (FSH) and positive associations between pentaBDE and sex-hormone binding globulin (SHBG) and free T 4 .
Thyroid Effects
Turyk et al. reported an association between pentaBDE and elevated T 4 levels and thyroglobulin antibodies in the blood of adult male consumers of Great Lakes sport fish [70] . The effects were observed at pentaB-DE levels comparable to those found in the general US population and were independent of PCB exposure and sport fish consumption. A recent study of Inuit adults [71] reported that plasma concentrations of BDE-47 were related to increasing total T 3 levels.
Endocrine Disruption
As endocrine-disruptors, some PBDEs are reported to cause disturbances in glucose and lipid metabolism in rat adipose tissue, which is characteristic of metabolic obesity and Type 2 diabetes [42], but few studies have examined the relationships between PBDEs and diabetes in humans. Turyk et al. reported a nonsignificant association between PBDE exposure and diabetes in Great Lakes sport fish consumers with hypothyroid disease [72, 70] . A recent study in US adults examined the association between diabetes and PBDEs [73] . The serum concentrations of the hexa-BDE congener -153 were significantly related to metabolic syndrome and diabetes prevalence at background concentrations, suggesting that PBDEs may contribute to diabetes in the general population.
Carcinogenic Effects
The carcinogenic potential of PBDEs has not yet been adequately addressed in animal or human studies. Part of the observed increase in thyroid cancer rates in the U.S. is hypothesized to be related to the increasing population exposure to pentaBDE and other thyroid hormone disrupting compounds [28] . A study by Hardell et al. [74] reported an association between BDE-47 concentrations and an increased risk for nonHodgkin's lymphoma (NHL). In the highest risk/highest exposure group, BDE-47 was significantly correlated with elevated titers to Epstein Barr IgG, a herpes virus that associated with certain subgroups of NHL.
Effects of PentaBDE on Wildlife
Because of the usage of pentaBDE in North America to comply with TB117, the levels found in wildlife are increasing in a variety of species of fish, birds, and marine mammals as well as humans [75] [76] [77] [78] .
Fish
Recent studies have shown that PBDE exposure may affect thyroid hormone homeostasis, sperm production, disease resistance and neurodevelopment in fish [34, 79] . Plasma T 4 levels were significantly reduced in juvenile lake trout exposed to 13 PBDE congeners at levels somewhat higher than those found in the environment [80] . In male fathead minnows, repeated oral exposure to BDE-47 reduced sperm production [81] . Low-dose embryonic exposure of killifish to a pentaBDE mixture resulted in neuro-behavioral effects and a subtle developmental asymmetry with respect to tail curvature direction, with a J-shaped doseresponse curve suggestive of thyroid hormone disruption [82] . Similarly, exposure of zebrafish embryos to high doses of BDE-47 resulted in developmental effects, including morphological, cardiac, and neural deficits that impaired later survivorship in the fish larvae [83] . Chronic exposure of juvenile zebrafish to ecologically relevant levels of BDE-47 resulted in altered locomotion behavior [79] . A recent study showed that dietary exposure of juvenile Chinook salmon to environmentally relevant concentrations of PBDEs increased susceptibility to pathogenic micro-organisms [34] .
Birds
PBDEs are detected at high concentrations in birds of prey, such as peregrine falcons and common kestrels. Recent studies have shown PBDE-related endocrine-disrupting and reproductive effects at environmentally relevant concentrations. In captive American kestrels, Fernie et al. [84] reported decreased plasma T 4 and vitamin A levels, as well as indications of oxidative stress in kestrels dosed with environmentally relevant levels of the pentaBDE mixture DE-71. DE-71 exposure also had a negative impact on the timing and frequency of courtship [85] . Exposure to DE-71 resulted in delayed egg laying, reduced egg size, eggshell thinning, and reduced fertility and reproductive success in kestrels and falcons [86, 87] . Fernie et al. [86] concluded that these changes in the reproductive success of captive kestrels, particularly eggshell thinning, may partially explain the decline of American kestrels across North America. McKernan et al. [88] reported decreased pipping and hatching success in American kestrel embryos following the air cell injection of DE-71. Similarly, Johansson et al. [86] reported a negative relationship between PBDEs and reproductive success in peregrine falcons from Sweden. PBDE concentrations in eggs were negatively related to the average number of young produced from individual breeding females over a 2-7 year period. Van den Steen et al. [89] observed negative effects of PBDEs on reproductive performance in European starlings. A field study in the US [90] reported a negative relationship between reproductive performance and PBDEs in eggs of wild ospreys at two locations in the highly contaminated Columbia River valley of Oregon and Washington. North American osprey populations may be at risk for contaminant-induced reproductive impairment.
Marine mammals
Marine mammals accumulate extremely high concentrations of pentaBDE and other persistent organic pollutants through feeding on contaminated prey. Adult animals are exposed through the consumption of contaminated fish and young animals are exposed to PBDEs in utero and in breast milk. Marine mammals from the California coast contain the highest reported pentaBDE levels on record. These include adult male sea lions [91] and transient killer whales off the California coast, as well as in resident killer whales from the Puget Sound-Strait of Georgia Basin [92, 93] . Along the US Atlantic coast, relatively high pentaBDE concentrations were reported in young harbor seals [94] and in juvenile bottlenose dolphins [95] .
Studies have shown that co-exposure to pentaBDE and PCBs is associated with thyroid hormone alterations in gray seals [96] and harbor seals [97] , and with thymic atrophy and splenic depletion in harbor porpoises from the North and Baltic Seas [98] . A study of infectious diseases in California sea otters co-exposed to PCBs and pentaBDE also suggested possible synergistic interactions between these contaminant groups [99] . However, a recent study reported that in grey seals, levels of PBDEs alone significantly reduced the probability of first year survival [100] .
CHEMICAL REPLACEMENTS FOR PENTABDE
After pentaBDE was phased out in 2004, a major replacement used for TB117 compliance was Firemaster 550, also produced by Chemtura, a mixture of four flame retardant chemicals whose composition was a trade secret. In 2004, the EPA Design for the Environment predicted reproductive, neurological, and developmental toxicity and persistent degradation products for the brominated components of Firemaster 550 [101] . In 2005, Chemtura agreed to conduct reproductive and developmental toxicity and migration studies by January 2009. Data provided by Chemtura in November 2008 have recently been evaluated by the EPA. Firemaster 550 components include: (1) triphenyl phosphate which is known to be eco-toxic, (2) Triaryl phosphate isopropylated which is a probable reproductive toxin, (3) Bis (2-ethylhexyl) tetrabromophthalate, and (4) 2-ethylhexyl-2,3,4,5-tetrabromobenzoate [102] . The brominated components have been found in dust [102] , sewage sludge [103] , marine mammals [104] , and seven species in the Arctic [105] . Firemaster 600, described by Chemtura as having a trade-secret composition, is another pentaBDE replacement.
TDCPP or chlorinated tris is also a widely used replacement flame retardant for pentaBDE in polyurethane foam. It is produced by Israeli Chemicals, Limited (ICL) under the trade name Fyrol and by Albermarle under the trade name Antiblaze. Recent studies show TDCPP, like pentaBDE and Firemaster 550 components, can migrate from foam products into indoor house dust [106] . These semi-volatile compounds can form thin films on walls and windows [107] . The inhalation and ingestion of contaminated dust has been shown to be a major route of human exposure, especially for children [106] .
EXPOSURE AND HEALTH EFFECTS OF PENTABDE REPLACEMENTS
Few studies have been conducted on the health effects of these replacement chemicals in animals or humans. The brominated Firemaster 550 components TBB and TBPH are genotoxic in fish, causing increased DNA strand breaks in orally exposed fish [108] . Triphenyl phosphate (TPP) is toxic to aquatic organisms including Daphnia [109] , rainbow trout, and fathead minnows [110] . Triaryl phosphate isopropylated is a reproductive/developmental toxin at mid-to high doses in rats [101, 110] . Histopathologic changes were observed in female reproductive organs and adrenals at all doses.
TDCPP, or chlorinated Tris, was removed from use in children's pajamas in 1978 due to its mutagenicity and has subsequently been found to be a probable human carcinogen in a study at the US Consumer Product Safety Commission (CPSC) [111] . The CPSC report estimates the lifetime cancer risk from tris-treated furniture foam is up to 300 cancer cases/million and their chronic hazard guidelines define a substance as hazardous if lifetime cancer risk exceeds one in a million. TDCPP is also absorbed by humans [112] . The US EPA considers TDCPP a moderate hazard for cancer and reproductive/developmental effects [113] .
A recent study showed that men living in homes with high amounts of the organophosphate flame retardants TPP and TDCPP in house-hold dust had reduced sperm counts and altered levels of hormones related to fertility and thyroid function [114] . High levels of TPP in dust were associated with a substantial reduction of sperm concentrations and an increase in prolactin levels. Increased prolactin is considered a marker of decreased neuroendocrine/dopamine activity and also may be associated with erectile dysfunction [115] . High levels of TDCPP in dust were associated with a 17 % increase in prolactin and a 3 % decline in free thyroid hormone levels. The possible synergistic or additive effects of the numerous flame retardant chemicals in use have not been studied in animals or humans.
CONCLUSIONS
Since 1975, hundreds of millions of kilograms of pentaBDE and its replacements which include TDCPP and Firemaster 500 have been used to meet California TB117. A fire safety benefit has not been established. Research suggests that this standard should be reevaluated in light of the fire science and health information discussed above. Prior to implementing new flammability standards, decision makers should evaluate the potential fire safety benefit as well as the health and environmental impacts of the chemicals, materials, or technologies likely to be used. Special scrutiny should be given to small open-flame standards that are likely to be met by adding organohalogen flame retardants to foam or plastic in consumer products.
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